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 ABSTRACT 
Positive identification of skeletonized human remains is a difficult task 
when dental records and/or DNA are unavailable.  Through archaeological 
research, strontium (Sr) isotope analysis has successfully been used to trace an 
individual back to their place of birth using cortical bone and tooth enamel.  This 
method has the potential, in forensic anthropological science, to help narrow 
down the search for missing persons to a specific geographical location.  It has 
not been tested thoroughly on modern populations though, which is needed 
before applying in a forensic setting.  This study used dental enamel from teeth 
of 78 individuals in the New England region of the United States (U.S.).  The 
birthplaces represented by these individuals include New England and the 
greater Northeast of the U.S., Northwest region of the U.S., Central America, 
Caribbean Islands, West Africa, and Europe.  Local faunal and water samples 
were also collected for local range comparisons.  The samples were cleaned, 
approximately 10 mg of enamel removed from each tooth, acid washed, dried, 
and dissolved in nitric acid before analyzing the samples using a thermal 
ionization mass spectrometer (TIMS) for analysis of 87Sr/86Sr ratios.  The human 
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87Sr/86Sr ratios were grouped by geographical region.  An analysis of variance 
was used to test for regional variation and significant differences were found.  
The samples from the U.S. (excluding those from the Northwest) were 
significantly different from the samples in Central America, Caribbean Islands, 
West Africa, and Europe.  Central American samples were also significantly 
different from the other groups.  No significant differences were observed 
between the Caribbean Islands, West Africa and Europe.  A significant difference 
was seen between the strontium ratios in the West Africa group based on bottled 
water vs. tap water that individuals reported drinking.  The faunal samples from 
Pembroke, MA and water sample from Braintree, MA were not significantly 
different from the New England human samples, but the Brighton, MA water 
sample was significantly different.  Based on the data, regional differences in 
87Sr/86Sr ratios are detectable using strontium isotope analysis, yet a larger 
sample size for each of the regions is needed to strengthen the statistical results. 
The results suggest that the differences observed are due to a combination of 
geological effects and influences from the globalization of food.  Further research 
is warranted by combining the analysis of hydrogen (δ2H) and oxygen (δ18O) 
isotopes to the strontium analysis.  This will complement the strontium data by 
providing more insight to the local drinking water and potential effects of an 
increasingly homogenous diet within cultural regions. 
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CHAPTER 1:  INTRODUCTION 
As of January 2013 the NCIC (National Crime Information Center) had 
7,885 entries for missing individuals in the United States (U.S.).  In 2012 there 
were 639 entries for deceased unidentified human remains, 492 of which were 
resolved.  That still left 147 people unidentified.  The unidentified persons 
reported to NCIC are only a small portion of entries for missing people (NCIC 
2013).  Those unidentified are generally in an advanced stage of decomposition 
or skeletonized for which no match has been found.  With no potential person to 
compare dental x-rays or DNA to, the identification process becomes more 
challenging. 
Identification of human remains is a key component of the medico-legal 
system, in addition to determining cause and manner of death.  Once the soft 
tissue has decomposed it narrows down methods for identifying an individual.  
Personal effects and serial numbers on surgical implants, if present with the 
remains can help (Wilson et al. 2011).  A forensic anthropologist can construct a 
biological profile (age, sex, ancestry, stature) which in turn can assist in 
narrowing down a list of possible missing persons.  Dental x-rays and DNA 
samples are two methods that produce a lot of positive identifications, but the 
drawback is the need for a small enough pool of people with whom to compare a 
viable sample.  Dental records are not always available, particularly in developing 
countries.  The comparison DNA samples need to come from the deceased or a 
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close relative, such as hair from a comb (Budimlija et al. 2003; Butler 2012; 
Sweet 2010).   
If the biological profile does not yield any possible identification from local 
missing person lists, then investigators need to expand their search.  Having a 
method that would provide geographical information about where the deceased 
grew up (using dental enamel) or where they have spent the last several years 
(using bone) could help direct the search within the myriad number of missing 
person reports.  Despite the number of reports that are filed every day for 
missing persons, there are many who go missing and are not reported.  Some 
people do not meet the requirements of a missing persons report, such as adults 
that have tendencies to disappear regularly.  In the case of children, runaways 
might not be reported (possible lack of support system), or homeless youth.  
People who are estranged from family might go missing, but family would not 
know to report.  Illegal immigrants are another group of people often not reported 
missing due to worries of deportation (Juarez 2008; Outpost for Hope 2010).  In 
2004 the Bureau of Justice collected statistics from medical examiner/coroner’s 
offices regarding numbers and types of cases handled in a typical year.   They 
reported that in a typical year approximately 4,400 cases would be unidentified 
individuals with about 23% (~1000) remaining unidentified after a year.  These 
numbers vary on an office-by-office basis depending on the size of the population 
they serve.  The majority of these cases are handled by offices serving in a 
jurisdiction of 250,000 or more.  In addition, most states do not have mandates in 
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place to file information on unidentified persons from their offices to NCIC 
(Hickman et al. 2007).   
Strontium isotope analysis has been used as a method for tracing origins, 
whether rocks, water, food, or humans (Bentley 2006).  This success is based on 
differing strontium levels depending on the underlying bedrock geology (Beard 
and Johnson 2000).  The available strontium from plants and water will generally 
reflect the underlying geology, but there can be other factors influencing its 
availability, such as weathering of rock, water, atmosphere (Bentley 2006; West 
et al. 2009).  The success in applying this method in archaeological studies for 
tracing an individual or population back to their origin influenced Juarez (2008) to 
test it on a modern human population.  According to Juarez (2008), this 
technique could be used as a method for narrowing down an individual’s 
geographic origin, which in turn could narrow down a list of missing persons.  In 
order to expand on Juarez’s work, this study uses a larger sample size and a 
different modern population. 
This study focuses on individuals living in New England.  This region 
includes six U.S. states: Connecticut, Maine, Massachusetts, New Hampshire, 
Rhode Island, and Vermont.  This combined area is approximately 66,507 square 
miles in size and has a diverse geography (Encyclopædia Britannica 2013).  Its 
eastern border is the Atlantic Ocean with beaches, swamps, hills and lakes.  The 
Appalachian Mountains are found further inland in addition to rivers and valleys.  
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The large urban areas of this region are culturally diverse, with people 
immigrating from other European countries, Africa, Latin America, and other 
areas of the U.S.  Because of this diversity, this population was chosen for this 
study.  The diversity in how people obtain their food (preserved/packaged vs. 
locally grown) and the variety of food/water choices located in metropolitan areas 
provides a good representation of the modern diet.   
Geologically, the New England region is quite diverse but the surface 
geology is primarily sedimentary terrain from the late Paleozoic era, Plutonic 
terrain from the late and middle Proterozoic, and metamorphic from the 
Proterozoic era (Kirkham et al. 1995).  The underlying bedrock geology of this 
area dates to Precambrian and Paleozoic eras, particularly within the 
Appalachian region.  Over the millennia, the layers of older rock have been 
affected by the shifts and faults of the earth, adding newer rock beneath, leaving 
the higher peaks older than lower hills.  In addition to the effects of fault 
movements, glacial forces have shaped this region’s soil and plant life (Dykeman 
2013). The same pattern of older geologic formations can be seen reflected 
across New York, Pennsylvania, and Ohio; stretching into the eastern portion of 
the Midwest (Figure 1.1).  
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Figure 1.1.  Geology map of the United States.  Schruben et al. (1994). 
Teeth were sampled from people living in and around Boston, MA.  
Collecting samples within the metropolitan area of Boston provided the possibility 
of collecting samples from diverse cultural backgrounds.  In addition to samples 
from people born in the New England region, people were born in other areas of 
the U.S., Central America, the Caribbean Islands, regions in West Africa, and 
Europe. 
 Central America itself is approximately 200,000 square miles.  On the 
eastern side is the Caribbean Sea, on the west is the Pacific Ocean, and north is 
the Gulf of Mexico.  The land of Central America is mostly mountainous with 
scattered active volcanoes.  The volcanic nature is due to these countries sitting 
on top of the Caribbean Plate.  The volcanic terrain is mostly from the middle 
Cenozoic era (Bushnell and Woodward 2013).  In addition to the volcanic 
geology there is sedimentary terrain of the late Cenozoic era and metamorphic 
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plutonic from the late Paleozoic era (see Figure 1.2).  The circled portion of 
Figure 1.2 covers the area of Central America represented by samples 
(Honduras, El Salvador, and Guatemala). 
 
Figure 1.2.  Central American geology.  Kirkham et al. (1995). 
The offshore islands of Jamaica, Haiti, and Dominican Republic are in the 
Caribbean Sea (Figure 1.3).  The represented Caribbean islands contain 
mountainous regions in addition to flatter coastal areas.  Haiti and the Dominican 
Republic share the island of Hispaniola.  This island is approximately 29,418 
square miles and primarily composed of mountain ranges interspersed with 
valleys and plains (Ferguson et al. 2013).  The mixed sedimentary and volcanic 
terrain of Hispaniola is from both the late Mesozoic and early Cenozoic eras, 
while the sedimentary terrain of the valleys and plains is from the Cenozoic era 
(Kirkham et al. 1995).  Jamaica is approximately 4,244 square miles and is 
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primarily made up of mountains and plateaus in the interior with flat coastal 
areas.  The mountainous terrain is a layering mixture of metamorphic and 
limestone rock.  Under the surface limestone is older metamorphic and igneous 
rock (Black et al. 2013).  The volcanic terrain across the island is from the 
Mesozoic era, while the sedimentary terrain is a mixture of middle to late 
Mesozoic and Cenozoic (Kirkham et al. 1995). 
 
Figure 1.3.  Caribbean Island geology.  Kirkham et al. (1995). 
The islands of Cape Verde and the African country of Morocco are the 
countries representing the region of West Africa (Figure 1.4).  There are ten 
Cape Verde islands (approximately 1,557 square miles), all of which are volcanic 
in origin.  Most of the islands are flat and desert like, but some are more 
mountainous (Bannerman et al. 2013).  The volcanic terrain is from the Cenozoic 
era and is mostly volcanic basalt (Kirkham et al. 1995).  Morocco covers about 
170,773 square miles and is located in northern Africa.  It is bordered by the 
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Mediterranean Sea to the north, the Atlantic Ocean to the west, Algeria to the 
east, and Western Sahara to the south.  The country contains two major 
mountain ranges in the north and interior which were formed during the Cenozoic 
era.  The Atlas range is part of the discontinuous Alps mountain range. (Barbour 
et al. 2013).  Geologically it is made up of primarily sedimentary terrain from early 
and middle Mesozoic eras and Cenozoic.  There is also a small area of mixed 
sedimentary and volcanic from the late Proterozoic (Kirkham et al. 1995).   
 
Figure 1.4.  West Africa (Cape Verde and Morocco) geology.  Kirkham et al. (1995). 
 The European countries represented by samples include Albania, 
Germany, and England (Figure 1.5).  Albania is located on the mountainous 
portion of the Balkan Peninsula.  It covers approximately 11,082 square miles 
and is bordered by Montenegro to the northwest, Kosovo to the northeast, 
Macedonia to the east, Greece to the south, and the Adriatic and Ionian seas to 
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the west.  Most of the country is mountainous terrain that is part of the Alps chain 
(Cenozoic origins), but the Adriatic coastline is composed of low fertile plains 
(Biberaj and Prifti 2013).  Geologically Albania is composed of plutonic terrain 
from the middle Mesozoic and sedimentary terrain from early and middle 
Cenozoic (Kirkham et al. 1995).  Germany is located in the north-central portion 
of Europe and covers approximately 137,879 square miles.  It contains mountain 
ranges in the south (part of the Alps chain), rolling plains, and forested hills.  
Germany is bordered by the Baltic and North Seas, Denmark, the Netherlands, 
Belgium, Luxembourg, France, Switzerland, Austria, Poland, and the Czech 
Republic (Britannica World Data 2013).  Geologically, Germany contains 
metamorphic terrain from the early Paleozoic, sedimentary terrain from Cenozoic 
and Mesozoic, and volcanic from Cenozoic (Kirkham et al. 1995).  England is an 
island off the northwestern coast of Europe bordered to the north by Scotland 
and west by the Irish Sea, Wales, and the Atlantic Ocean.  To the south is the 
English Channel and on the east is the North Sea.  Most of England is not high in 
elevation; rather most of the country is characterized by rolling hillsides.  The 
underlying geology of this island ranges from the early Paleozoic to Cenozoic.  
London, in particular, is located in the Southeast portion, which is composed of 
white chalk (pure limestone).  This dates to the late Mesozoic, with deeper layers 
from the Paleozoic (Kellner et al. 2013; Kirkham et al. 1995).   
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Figure 1.5.  Europe geology.  Kirkham et al. (1995). 
The diverse background revealed by the samples collected from the 
greater Boston area reinforces the cultural diversity found in larger urban areas 
that can then influence the difficulties of identifying unknown skeleton remains 
(Budimlija et al. 2003; Juarez 2008).  This diversity in the population sample, 
based on regional differences where individuals were born, will help to provide a 
better test for the strontium isotope analysis’s usefulness in a forensic case for 
human identification. 
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CHAPTER 2:  PREVIOUS RESEARCH 
Geochemistry of Strontium 
In forensic science, analyzing the source of a material, whether it is blood, 
bone, DNA, or fibers for example, is important for reconstructing a scene 
accurately.  Knowing whether a piece of evidence was originally at the scene or 
was transported by the suspect can assist in connecting a victim to the suspect 
and the suspect to the crime scene.  When determining the source of a material, 
multiple fields of study can be utilized, in particular analytical chemistry.  A 
chemical analysis may focus on identifying major elements present, presence of 
trace elements, light stable isotopes (ex: hydrogen, oxygen, carbon, and 
nitrogen), or heavy isotopes (ex: strontium, lead, and neodymium) (Aggarwal et 
al. 2008).  Isotopes are defined as atoms that contain the same number of 
protons but a different number of neutrons, which affects weight but not charge.  
Most elements have at least two isotopes, making them mixtures (Hoefs 2004).  
The relative abundance of each isotope varies by element, but usually at least 
one is predominant, making others available in trace amounts.  Isotopes can 
either be stable or unstable (radioactive), with stable being a relative term based 
on limits of detection for radioactive decay times.  Radioactive isotopes that are 
natural provide the basis for radiometric dating.  The decay process itself is 
partially responsible for the variation seen in isotope abundance.  The second 
process working on abundance levels is fractionation (Hoefs 2004).  The differing 
isotopic abundances are what make the composition unique, which can provide 
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information about the region from which a material originated (Aggarwal et al. 
2008).   
Strontium (Sr) is an alkaline earth metal in the same group as beryllium, 
magnesium, calcium, barium, and radium.  It is found stably in the environment in 
four different isotopes: 88Sr (most prevalent at 82.53%), 87Sr (7.04% and 
radiogenic), 86Sr (9.87%), and 84Sr (least prevalent at 0.56%).  The radiogenic 
property of 87Sr makes this isotope of primary interest in geochemistry for dating 
purposes (Faure 1986).   87Sr is produced by the decay of Rubidium (Rb).  87Rb 
radioactively decays into 87Sr (Rb half-life = 4.88 x 1010 years), which in turn 
produces differing levels of 87Sr isotope geographically depending on the age 
and type of rock and soil in an area. These differences can then be measured by 
normalizing 87Sr to 86Sr.  The half-life of 87Sr is long enough that the 87Sr/86Sr 
ratio will not change on human time scales, thus the factor of decay rate will not 
be an influential variable in this study.  Using the ratio of 87Sr/86Sr, we can isolate 
the variation of 87Sr that is a direct result of Rb decay (Beard and Johnson 2000; 
West et al. 2009).  Minerals within a single rock can have varying 87Sr/86Sr ratios 
and the relationship between the amount of calcium, strontium, rubidium, and 
potassium has the largest effect on how high the ratio can be.  If there are higher 
levels of natural strontium they will usually coincide with lower rubidium values, 
thus producing a low ratio of 87Sr/86Sr.  If the potassium levels are higher there is 
usually more rubidium present and less natural strontium, which producing higher 
ratios of 87Sr/86Sr (Bentley 2006). 
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The 87Sr/86Sr ratios available biologically will differ from that of the 
underlying bedrock.  The combined strontium ratio is a mixture of the ratios of 
different minerals and weathering rates of the rock.  Each contributes unequally 
to the bio-available strontium.  The available strontium is further affected by 
stream and groundwater flow, intermediate reservoirs, and the soil.  The 
strontium found in the water and soils then becomes incorporated into the plants 
and animals.  The variables that already exist to shape the available strontium 
are further compounded by the variables of the globalization of food and water 
when studying the geographic origins of modern human populations. 
Geochemistry studies aim to accurately determine the abundance of 
elements, such as strontium and determine how they are distributed 
geographically.  Trace elements, like strontium, are usually studied and 
measured in relation to other elements that occur naturally together.  Rubidium is 
associated with strontium because 87Sr is produced by the decay of 87Rb, but 
correlations of distribution have also been made between calcium (Ca) and 
strontium (Tureklan and Kulp 1956).  Tureklan and Kulp (1956) researched the 
content and patterns of distribution of strontium across earth’s geologic crust in 
which they measured calcium in relation to strontium.  They found that different 
types of rock had differing ratios of Ca and Sr. Basaltic rock has a strontium 
content independent of calcium, but with granite rock the correlations they found 
shows a dependence of strontium based on calcium content (Tureklan and Kulp 
1956).  Bentley (2006) also found that rocks with minerals high in calcium would 
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also have higher levels of naturally occurring strontium.  Another example of 
strontium used in geochemistry is for aging rock formations and determining how 
they formed.  Rogers and Hawkesworth (1989) produced a study that analyzed 
rock formations from the Jurassic to Recent in the Chilean Andes.  They 
measured 87Sr/86Sr and 143Nd/144Nd (neodymium) and found that based on the 
increasing strontium content and increasing strontium ratio while the neodymium 
(Nd) ratio was decreasing suggests that the main site of crust being formed sits 
within the mantle wedge (Rogers and Hawkesworth 1989). 
Isotopes have also been used to help determine sources of water, food, 
and fertilizer.  Vitòria et al. (2004) conducted a study that analyzed twenty-seven 
different commercial fertilizers used in Spain.  The driving force behind the study 
was to gather data about the origins of the primary constituents of fertilizers 
being used.  This information would then be used to pinpoint which type of 
fertilizer contributed to any problems with pollutants or contaminants in food, 
water, or soil in neighboring areas.  In addition to strontium they analyzed 
nitrogen (both total nitrogen and nitrate), oxygen (as part of nitrate and sulfate), 
sulfur (sulfate), and carbon.  Strontium 87/86 ratios were used because of the 
lack of fractionation within surface and groundwater by natural processes.  Thus, 
the 87Sr/86Sr ratio of surface and groundwater will reflect that of the watershed 
area (Vitòria et al. 2004). 
Négrel and Petelet-Giraud (2005) analyzed the interactions of surface and 
groundwater.  Stable hydrogen and oxygen isotopes are routinely used in water 
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studies, particularly when tracing origins of precipitation.  This study also used 
strontium isotopes to help trace groundwater in France, particularly the area 
around the Somme River.  This region is prone to flooding, in particular 
groundwater flooding due to the underlying chalk and limestone aquifers having a 
limited storage capacity.  The goal was to gain more information about the 
tributaries feeding the Somme River and contributing to the groundwater 
aquifers.  With this information they hope to be able to help prevent severe 
groundwater flooding by managing the water upstream.  They found that the Sr-
isotope signatures of groundwater were higher than what might be expected from 
a Chalk aquifer, indicating other influences.  The river water itself is 
characteristically similar to the groundwater, thus the groundwater is clearly a 
main contributor feeding the river.  The relationship found between magnesium 
and strontium suggests influence from anthropogenic disturbances (Négrel and 
Petelet-Giraud 2005).  This study provides another example of how strontium’s 
unique geographical signature can provide information about the source of a 
material. 
Voerkelius et al. (2010) provides a large body of information about 
strontium throughout Europe.  They systematically gathered samples of natural 
mineral waters across Europe and measured the 87Sr/86Sr ratio.  They found a 
range from 0.7035 to 0.7777, indicating a significant difference across the region, 
which is echoed by the diversity seen of rock ages and types.  The map they 
created can be used to predict the isotopic composition of bio-available 
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strontium, that which is available for plants to uptake and thus introduce into the 
food chain.  This in turn is used to help trace origins of food.  If a product claims 
that it was produced in a particular region one should be able to geographically 
authenticate it to a region and from there compare to materials in that region.  As 
was shown by Vitòria et al. (2004), the strontium isotopic signature of water is 
transferred with little to no fractionation, thus predicting strontium ratios based on 
water (bio-available strontium) rather than just based on surface geology will 
provide more accurate information. 
Strontium in Anthropology 
The bio-available strontium present in water enters the food chain via 
plants and animals.  Strontium is similar to calcium in structure (its ionic radius is 
only slightly larger) and behavior, thus it can replace calcium in the 
hydroxyapatite [Ca10(PO4)6(OH)2] of bone and teeth as it is absorbed by an 
organism’s living tissue.  Bone replaces itself in a person’s lifetime, but tooth 
enamel once formed in childhood will no longer change its elemental structure.  
Thus, the strontium incorporated into tooth enamel during childhood (birth to 
approximately 12 years) is still reflected in a person’s tooth enamel their whole 
life (Knudson et al. 2004; Price et al. 2000).   
The crown of a tooth, which is covered by enamel, starts to develop before 
it erupts and during this development stage is when the strontium replaces 
calcium in the enamel.  The deciduous teeth are developing in-utero, thus the 
strontium incorporated into their enamel is based solely on the strontium content 
17 
of the mother’s food and water.  The permanent first molars start to build their 
enamel in-utero as well, but have crown completion by 3 years old. The 
remaining permanent dentition starts crown formation after birth.  Sequence of 
crown development is related to the sequence of permanent tooth eruption once 
the deciduous teeth are lost.  The permanent incisors have completed crown 
formation by 4-5 years, canines and first pre-molars by 6 years old, and second 
pre-molars and second molars about 7 years old.  The permanent third molars 
are the only teeth that follow a different pattern.  They usually do not start 
developing until the age of 7-13, and the crown is not complete until a person’s 
mid-teens.  Once the crown of the tooth is complete, the strontium levels in the 
tooth will no longer change (Hillson 1996).   
Human dental tissues are preferred over bone for isotopic analyses by 
archaeologists.  Postmortem alterations of human tissues, such as chemical, 
physical, and biological changes, also known as diagenesis, will cause post-
depositional exchanges of minerals from the soil.  Enamel, unlike bone, has 
proven to be resistant to diagenesis (King et al. 2011; Nelson et al. 
1986).  Enamel’s resistance to post-depositional change and the narrow window 
of time represented by the strontium in enamel (birth to approximately 12 years 
old), this study used dental enamel instead of bone.  
The application of strontium isotope analysis to archaeology was first 
introduced by Ericson (1985) and has since been successfully used in 
archaeology for tracing migration through geographical origins and diet (Beard 
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and Johnson 2000; Burton et al. 2003; Knudson and Price 2007; Knudson et al. 
2004; Price et al. 2000; Price et al. 2002).  Examples of mobility studies include 
Stojanowski and Knudson (2011), Chenery et al. (2010), Schweissing and Grupe 
(2003), and Shaw et al. (2011).  Stojanowski and Knudson (2011) used strontium 
isotopes from bone and teeth samples from the Early Holocene Gobero site in 
the southern Sahara to try to trace their foraging patterns.  They found that these 
groups during the Early Holocene adapted to local conditions and did not move 
far from their central settlement (2011).  Chenery et al. (2010) analyzed 
strontium, oxygen, carbon, and nitrogen isotopes from a Roman site in 
Gloucester, United Kingdom (UK).  They were interested in a mass burial pit and 
whether they were associated with a nearby cemetery.  They confirmed that the 
mass pit was a result of a catastrophic event, likely disease.  They did find some 
diversity in the origins of this population though.  The strontium and oxygen 
isotopes provided evidence of some individuals having come from a warmer 
climate (Chenery et al. 2010).  Schweissing and Grupe (2003) analyzed the 
strontium isotopes of both teeth and bone from a Roman site in Bavaria.  Based 
on the isotopic data, 30% were deemed non-local.  These non-local samples are 
similar to ratios from a site northeast of the province being studied.  Grave goods 
found with these individuals also indicate origins from northeast (Schweissing 
and Grupe 2003).  From Papua New Guinea, Shaw et al. (2011) have studied the 
prehistoric migration at Nebira.  They analyzed strontium, oxygen, and barium.  
They found some differences, pointing to population of both local and non-local 
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individuals which supports theories of migration for the island (Shaw et al. 2011).  
These studies all use isotopic data to trace peoples’ origins, which contributes to 
the overall understanding of human migration.     
 Price et al. (2000) analyzed human bone and teeth samples from a site in 
Mexico.  They were interested in the residents of Teotihuacan, whether people 
buried in the Zapotec and Merchants’ Barrios were migrants or locals.  Several 
different compounds of the city and their associated architecture suggest 
different cultural influences.  Their bone and enamel samples were ashed and 
then digested in concentrated nitric acid.  They used cation exchange 
chromatography to separate the strontium and then measured the 87Sr/86Sr ratios 
using a thermal ionization multiple collector mass spectrometer.  They compared 
the human samples to modern and prehistoric rabbit bones to establish a local 
ratio.  The large variation seen in the enamel samples suggest that the 
individuals were migrants.  The individuals with higher bone values were likely 
more recent migrants (Price et al. 2000).  The growth rate of the city concurs with 
the percentage of immigrants they found. 
Strontium isotope analysis has been frequently used in archaeological 
research in South America.  Sites associated with Tiwanaku have been 
extensively studied to help determine breadth of their cultural influence (Knudson 
and Price 2007; Knudson et al. 2004).  In the case of Peru, the Wari Empire has 
been studied to understand the trade networks and mobility of inhabitants.  In the 
case of the site Beringa, the number of non-locals found using strontium isotopes 
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was not enough to believe that this site was heavily influenced politically by the 
Wari Empire (Knudson and Tung 2011).  Tung and Knudson (2011) studied 
samples from Conchopata, Peru.  They looked at both burials and trophy heads 
to determine is they were local inhabitants, voluntary migrants, or captives.  Most 
of the trophy heads were determined to be non-local which corroborates other 
studies that have found that Wari warriors would travel outside locale for captives 
(Tung and Knudson 2011).      
Based on the success of using strontium isotope analysis in 
archaeological studies, Chelsey Juarez (2008) applied this technique on modern 
populations in Mexico to help identify the origins of unidentified individuals found 
on the Mexico/U.S. border.  Juarez (2008) did not use faunal teeth as a standard 
to compare strontium levels to, but used the known origin of the teeth from 
people living in different regions of Mexico as standards.  Juarez analyzed 19 
teeth that came from four different regions.  Based on the strontium data, three 
regions were distinct.  The significant difference between the regions was 
attributed to differing geology.  Differences were also found between the coastal 
and inland areas (Juarez 2008).  Juarez (2008) addressed the issue that the 
modern diet can potentially skew the data with pre-packaged goods and food 
coming from other regions of the world.  This is a real concern, as is the drinking 
of bottled and treated water found in many areas of the world.  The unique 
strontium isotope differences found geographically may not have as large of an 
influence on the modern population.   
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Both Juarez (2008) and Beard and Johnson (2000) address how strontium 
isotope analysis can potentially be applied in a forensic setting.  Beard and 
Johnson (2000) went into depth about how strontium isotopes vary across the 
Earth, and developed a map of predicted strontium isotope variations across the 
U.S.  This map is based primarily on geologic maps and known rubidium to 
strontium ratios found in different types and ages of rock formations present in 
the U.S.  Their work is a stepping-stone for collecting information about levels of 
strontium, such as Voerkelius et al. (2010)’s research.  Voerkelius et al. (2010)’s 
map of strontium in Europe is based on natural mineral waters in addition to 
geologic formations, providing a more accurate estimation of bio-available 
strontium.  Beard and Johnson (2000) mention that using this analysis for 
humans today will likely cause issues due to the increased amount of national 
and international food sharing.  Based on this, having a better understanding of 
how strontium levels are represented by local water sources, such as presented 
by Voerkelius et al. (2010), in addition to the strontium levels in the underlying 
bedrock will help provide more accurate local strontium levels to compare to 
humans.  
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CHAPTER 3:  MATERIALS and METHODS 
Thirty-five samples of human teeth were collected from individuals 
donated to the Anatomical Gifts program in the Department of Anatomy and 
Neurobiology at Boston University School of Medicine (Table 3.1).  Age, sex, 
birthplace, and tooth type information were collected from the cadaver samples. 
These teeth came from individuals born primarily in New England, but also in the 
greater Northeast part of the United States, the Midwest, and England (Figure 
3.1).  The age range of the cadaver samples was 57 to 98, with a mean of 81.8.  
The female to male ratio was 18 female to 17 male.  The teeth collected were 
primarily incisors and canines. 
 
Figure 3.1.  Cadaver samples’ birthplace breakdown. 
An additional 43 samples were collected through individual donations from 
people living in the New England region (Table 3.2).  Dr. Steven Bookless of the 
Boston Medical Center Oral and Maxillofacial Surgery extracted teeth following a 
60% 20% 
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pre-arranged standard of care surgical procedure for dental or orthodontic 
reasons.  An IRB (Institutional Review Board) approval was obtained to collect 
teeth and anonymous information from the living human subjects. Potential 
donors were provided with an informed consent to read and a short 
questionnaire, collecting information from donating individuals (age, sex, birth 
place/childhood home, any moves made before age 12, and whether drinking 
water was bottled, tap, or well water).  Signatures were waived by the IRB 
committee because research presented minimal risk to human subjects.  Ages 
ranged from 9 to 63 for the donated samples with a mean of 37.3.  The 
breakdown distribution was relatively even across the range with the highest 
number of samples being in their 20s (n = 14).  Twenty-three samples were from 
female individuals, 18 from male, and 2 unknown.  Figure 3.2 shows the regional 
breakdown of the donated samples, with the majority coming from North 
America, Massachusetts in particular.   
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Figure 3.2.  Donated samples’ birthplace breakdown. 
Of the forty-three donated samples, twelve moved before the age of 12, ten of 
which were born in North America.  Of those twelve, only three moved to a 
different region.  AL-10, from the Caribbean region, moved to New England 
(North America).  AL-11, from Europe region, moved to New England (North 
America).  AL-21, from New England, moved to the Caribbean.  Tap water was 
the most common response for type of water consumed.  Six individuals reported 
a combination of tap and bottled and eight individuals reported drinking only 
bottled water. 
The birth place/childhood home was used to verify the strontium isotopic 
values associated with the tooth enamel.  Local fauna (deer, moose, cattle, and 
pigs), were incorporated into the study as controls to compare strontium isotope 
levels found in human samples. White tailed deer (Odocoileus virginianus) and 
moose (Alces alces) teeth were collected from a carcass dump in the New 
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5% 
12% 
14% 
16% 
Regional Breakdown of Birthplace for 
Donated Samples 
North America
Europe
Western Coast of Africa
Central America
Caribbean Islands
25 
Hampshire White Mountains that hunters use.  The samples from Boston, MA 
were teeth from domestic pigs (Sus scrofa) collected from pig carcasses used in 
Boston University School of Medicine (BUSM) decomposition and weathering 
studies approved by IACUC (Institutional Animal Care and Use Committee).  
There was no data regarding whether the pigs’ diet was locally raised.  Faunal 
samples from Idaho were teeth collected from locally raised cattle (Bos taurus).  
Tap water samples were obtained from Brighton and Braintree, MA and 
Cottonwood, ID as additional examples of local bio-available strontium. 
Table 3.1.  Cadaver teeth samples. 
Sample # Age Sex City Born State Born Tooth Type 
A-C01 59 F New York New York Canine 
A-C02 95 M Lexington Massachusetts Canine 
A-C03 93 F N. Chelmsford Massachusetts Incisor 
A-C04 98 F Worcester Massachusetts Incisor 
A-C05 93 F Somerville Massachusetts Incisor 
A-C06 90 F Ware Massachusetts Incisor 
A-C07 67 M Framingham Massachusetts Incisor 
A-C08 79 M Lynn Massachusetts Canine 
A-C09 81 M Philadelphia Pennsylvania Incisors 
A-C10 60 M Boston Massachusetts Canines 
A-C11 75 M Gloucester Massachusetts Incisor 
A-C12 93 F E. Providence Rhode Island Incisor 
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Sample # Age Sex City Born State Born Tooth Type 
A-C13 57 F Rockland Maine Incisor 
A-C14 63 M Oak Park Illinois Canine 
A-C15 89 F New York New York Fragmented 
A-C16 72 M Peabody Massachusetts Incisor 
A-C17 94 F Butler Ohio Incisors 
A-C18 80 M Centralia Washington Canine 
A-C19 85 F Boston Massachusetts Incisor 
A-C20 71 F Boston Massachusetts Incisor 
A-C21 89 M Barnstable Massachusetts Canine 
A-C22 90 M Lynn Massachusetts Incisor 
A-C23 79 F Harvey's Lake Pennsylvania Fragmented  
A-C24 94 M Washington DC Incisor 
A-C25 93 M Kansas Kansas Incisor 
A-C26 96 F Southbridge Massachusetts Pre-molar 
A-C27 88 M London England Incisor 
A-C28 81 F Unknown Unknown Incisor 
A-C29 79 M Natick Massachusetts Incisor 
A-C30 59 M Fayetteville Arkansas Incisors 
A-C31 90 F Leominster Massachusetts Molar 
A-C32 82 F Medford Massachusetts Incisors 
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Sample # Age Sex City Born State Born Tooth Type 
A-C33 71 F Everett Massachusetts Incisor 
A-C34 88 F Brooklyn New York Canine 
A-C35 92 M St. Louis Missouri Incisors 
 
 
Table 3.2.  Donated teeth samples. 
Sample  Age Sex Country/Region 
Born 
Place moved Water Tooth 
AL-01 63 M Massachusetts - Tap Premolar 
AL-02 24 F New York - Tap Molar 
AL-03 29 F El Salvador - Well Molar 
AL-04 62 M Albania - Tap Molar 
AL-05 26 M Massachusetts Quincy, MA Tap Molar 
AL-06 31 M Morocco, Fes-
Boulemane 
- Bottled Molar 
AL-07 24 F Massachusetts Marshfield 
&Hanover, MA 
Tap, 
Bottled 
Molar 
AL-08 18 F Massachusetts Boston, MA Tap, 
Bottled 
Molar 
AL-09 27 M El Salvador, 
Santa Ana 
- Tap, 
Bottled 
Molar 
AL-10 48 M Jamaica Boston, MA Well Premolar 
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Sample  Age Sex Country/Region 
Born 
Place moved Water Tooth 
AL-11 60 F Germany Boston, MA Tap Incisor 
AL-12 28 F Massachusetts - Tap Molar 
AL-13 56 M Massachusetts - Tap Premolar 
AL-14 28 F Massachusetts - Tap, 
Bottled 
Molar 
AL-15 30 F North Carolina - Tap, 
Bottled 
Molar 
AL-16 39 ? Haiti - tap Molar 
AL-17 54 F Massachusetts - Tap Molar 
AL-18 28 F New York Massachusetts Tap, 
Bottled 
Molar 
AL-19 30 F Massachusetts Avon, MA Tap Molar 
AL-20 29 F Dominican 
Republic 
- Well Molar 
AL-21 22 M Massachusetts Haiti Bottled Molar 
AL-22 43 F Honduras - Tap Premolar 
AL-23 46 M Massachusetts - Tap Molar 
AL-24 42 F Massachusetts - Tap Molar 
AL-25 47 F Haiti - Well Premolar 
AL-26 44 F Guatemala - Bottled Molar 
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Sample  Age Sex Country/Region 
Born 
Place moved Water Tooth 
AL-27 55 M Haiti - - Molar 
AL-28 54 F Massachusetts - Tap Molar 
AL-29 33 M Morocco - Bottled Molar 
AL-30  F Haiti - Well Molar 
AL-31 24 F Honduras - Bottled Molar 
AL-32 60  Massachusetts - Tap Molar 
AL-33 23 F Cape Verde - Tap Molar 
AL-34 47 M Cape Verde - Tap Incisor 
AL-35 28 F Massachusetts Mattapan, MA Bottled Molar 
AL-36 38 M Guatemala - Bottled Molar 
AL-37 57 F Cape Verde - Bottled Molar 
AL-38 33 M Florida KS, MD, CA, 
FL 
Tap Premolar 
AL-39 41 M Haiti - Tap Molar 
AL-40 52 M Wisconsin Chicago, IL Tap Premolar 
AL-41 22 M New York Colonia, NJ Tap Molar 
AL-42 14 M New York - Tap Incisor 
deciduous 
AL-43 9 F Idaho 
  
- Well, 
spring 
Incisor 
deciduous 
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Preparing Samples 
Preparation of samples for strontium extraction took place within the 
Department of Anatomy and Neurobiology Osteology lab of Boston University.  
Basic procedures adapted from Balasse et al. (2002) were used to prepare 
samples for strontium extraction from tooth enamel.  All teeth samples were 
ultrasonicated to clean off and loosen tissue, blood, and calculus prior to 
obtaining an enamel sample by drilling.  Any remaining tissue was removed with 
a scalpel.  In the case of cavities, all contaminated material in the cavity was 
removed to prevent contaminants in enamel while drilling.  When working with 
strontium, contamination is a major concern, especially when analysis is using 
thermal ionization.  A tungsten carbide cutter drill bit (#9903) was used to remove 
the top layer of enamel exposed to dirt and calculus.  A Dremel drill (300 Series) 
with a diamond point bit (#7144) was used to remove the enamel from the tooth 
(approximately 10-15 milligrams (mg).  Defects in teeth, such as carious lesions 
and restorations, were avoided when drilling samples in order to prevent any 
possible cross contamination of strontium from other sources.  Once drilled, all 
samples were pretreated with Clorox and acetic acid to remove organics and 
absorbed carbonates based on procedures from Balasse et al. (2002).   
The enamel powder was transferred into micro-centrifuge tubes.  The 
tubes were pre-soaked in nitric acid and rinsed with MilliQ water (ultra-pure 
water), before drilled samples were added in order to minimize outside 
contamination.  1.5 milliliters (mL) of 50% Clorox solution was added to each 
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sample.  Centrifuge tubes were agitated with a vortexer and then left open 
overnight in the fume hood with aluminum foil loosely on top to minimize possible 
contaminants.   
Samples were then vortexed, centrifuged for 5 minutes, then Clorox 
decanted.  Once the Clorox was decanted, approximately 1 mL of distilled water 
was added.  Samples were then vortexed and centrifuged for 5 minutes.  This 
procedure was repeated four times.  Water was decanted during each wash 
cycle and after the fourth it was pipetted out.  0.1 M (moles/liter) acetic acid was 
then added to the sample.  For every 1 mg of sample, 0.1 mL of acetic acid was 
added.  Samples were vortexed until well mixed, followed by 4 hours standing 
open.  After four hours, tubes were centrifuged and the acetic acid was decanted.  
A series of four washes followed using 1.5 mL of distilled water each time.  Once 
the last drop was removed the tubes were left open in a -20ºC (degrees Celsius) 
freezer for a half hour.  Without letting samples thaw, they were put into a 
desiccator under vacuum pressure overnight to dry.  Once dried, the centrifuge 
tubes were closed, reweighed, and a percent loss was calculated. 
Extraction of Strontium 
The extraction process took place in the thermal ionization mass 
spectrometry (TIMS) lab in the Department of Earth and Environment at Boston 
University.  The following procedures for extraction followed general protocol at 
Boston University’s TIMS facility under the direction of Dr. Denise K. Honn and 
Dr. Ethan Baxter.  In the clean lab the dry powdered samples were dissolved in 
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approximately 1 mL of 1.5N (Normal) hydrochloric acid (HCl).  HCl was used to 
wet the sample and helps prevent loss due to static.  The wet sample was then 
weighed in a clean 15 mL Teflon beaker.  The weight of the wet sample was 
recorded (minus initial empty beaker weight).  Once accurate weight was 
determined, samples went through the dissolution process (the smallest amount 
of HCl needed to fully dissolve sample).  To help this process heat and 
occasionally ultrasonic baths were utilized.  Once fully dissolved, a known 
amount of 84Sr was added to each sample (spiked) before drying them down.  
Samples were spiked with 84Sr to create an internal standard; which was 
subtracted from the total strontium measured by the TIMS.  For this study 84Sr 
was utilized because it has a low natural abundance.  Once fully dried, the 
samples were re-dissolved in 500 µl (microliter) of 3.5N nitric acid.  
Strontium was then separated from similar elements that might interfere 
with stable ionization of strontium within the sample using ion-exchange column 
chemistry.  Sr-spec columns, made from Teflon, were used.  Columns were first 
rinsed with MilliQ water to remove any nitric acid they were soaking in.  Once 
rinsed, columns were filled with MilliQ water, ensuring no bubbles near the frit.  
Once the water was flowing through the reservoir and frit freely, Sr-spec resin 
was added.  This resin retains Sr in nitric acid and releases it from the resin in 
water.  Once the Sr-spec resin settled two full reservoirs of MilliQ water was run 
through to clean columns.  290 µl of 3.5N nitric acid was then added to condition 
columns and resin.  The sample, dissolved in 500 µl of 3.5N nitric acid and 
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centrifuged, was loaded into columns.  Three wash cycles of 25 µl of 3.5N nitric 
acid and a rinse step of 1160 µl of 3.5N nitric acid followed.  Once all of the acid 
filtered through the column, the collection beaker was exchanged for a clean, 
labeled Teflon beaker to collect the Sr from the sample.  It was collected with 560 
µl of MilliQ water.  The separated Sr samples were then dried down for TIMS 
analysis. 
Once dried down, samples were ready for filament preparation.  Samples 
were loaded onto pre-outgassed single Rhenium (Re) filaments in 1 µl of 2N 
nitric acid and then slowly dried at 600 mA (milliamps).  2 µl of emitter slurry 
(Ta2O5 in 7% phosphoric acid) was loaded directly on top of the sample.  This 
was then dried at 600 mA as well.  In order to remove volatiles the loaded 
sample was then brought to a red glow.  Filaments were then loaded into a 
sample turret.  A full turret contained a batch of samples plus two Sr standards 
(SRM 987) with an established ratio of 87Sr/86Sr of 0.71034 ± 0.00026 (Honn 
2012).  To establish external precision the reproducibility of this standard was 
reported in analysis.  Full turret was then loaded into TIMS source and pumped 
down to high vacuum. 
Samples were analyzed using a ThermoFinnigan TRITON.  Strontium 
analyses are analyzed on a static faraday cup configuration with masses 84, 85, 
86, 87, and 88 measured in 20 cycle blocks.  Mass 88 is the pilot mass.  It is 
used to focus and center peaks when heating filament and collecting data.  The 
samples were heated to 1400-1500ºC via 3200-3800 mA passing through 
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filaments, and then data collected.  87Rb interference was controlled by correcting 
ratio to accepted value of 0.385620 and this was then applied to each cycle for 
87Sr/86Sr.  Fractionation was corrected by normalizing 88Sr/86Sr to 8.375209 and 
applying to 84Sr/86Sr, 87Sr/86Sr, and 88Sr/86Sr in each cycle.  Data reduction 
included clipping outliers and subtraction of 84Sr spike values from samples. 
Thermal ionization mass spectrometry was utilized for analysis because of 
its precise measurement of element concentration by isotope dilution.  Mass 
spectrometry, in general, allows one to separate a sample into constituent parts 
based on mass.  This provides a way to compare relative proportions of different 
species as a mass spectrum (graphically) or ratios of different masses 
(numerically). Mass spectrometers have three essential parts: an ion source, 
mass analyzer, and ion collector.  Different mass spectrometry techniques differ 
primarily based on their ion source.  In the case of TIMS, the ion source is 
thermal ionization.  With this source, the analyte is emitted from a heated metal 
filament (this study used a Re filament) that has a high work function and low 
volatility.  Low volatility is maintained by purging volatile contaminants through 
high temperature heating under vacuum.  A limitation of TIMS sensitivity is the 
ionization efficiency (ratio of ions produced to atoms loaded) (Thirlwall 1997).   
The magnetic sector analyzer is coupled to the source and is curved into 
an arc between poles of an electromagnet.  The higher the mass resolution, the 
lower the sensitivity, thus resolution is generally set to resolve beams 1 amu 
(atomic mass unit) apart and when the mass is double that of heaviest naturally 
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occurring isotope.  The ion detection system’s goals are to resolve ionic masses 
of interest and amplify ion currents so that useful precision is achieved.  A 
Faraday cup detector was used for sample analysis.  The detector detects ions 
as positive electric charges (thus in principle has equal response to all ions).  It is 
also robust and has low electrical noise.  Significant time is needed for ion signal 
to build up or decay after switching in or out of the cup though (Thirlwall 1997).  
Overall TIMS is used as an analytical tool because the highly precise 
measurements outweigh the disadvantage of extensive preparation to ensure an 
elementally pure solution (Mueller and Vervoort 2012) (see Table 3.3 below for 
comparison of advantages/disadvantages). 
Table 3.3. Advantages and disadvantages of TIMS.  Adapted from Mueller and Vervoort 
(2012). 
Advantages Disadvantages 
 the chemical and physical stability of 
the measurement environment, 
which lead to highly precise 
measurements 
 the ability to ionize and evaporate 
samples at different temperatures 
by using multiple filament 
assemblies 
 lower and more consistent average 
mass fractionation 
 the use of single element solutions 
to eliminate isobaric interferences 
 production of ions with a restricted 
range of energies (eliminates need 
for energy filter) 
 easily automated operation 
 near 100% transmission of ions from 
source to collector 
 not all elements are easily ionized, 
which restricts applications to 
elements with low ionization 
potentials 
 ionization is not equally efficient for 
all elements, and is generally less 
than 1% 
 mass fractionation continually 
changes during analysis 
 elementally pure solutions are 
required to avoid isobaric 
interferences, which requires 
extensive preparation 
 accurate mass fractionation 
correction is limited to elements 
with 3 or more isotopes of which 
at least 2 are stable 
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CHAPTER 4:  RESULTS 
The 87Sr/86Sr strontium isotope ratios of the 78 human teeth samples 
ranged from 0.705736 to 0.711876.  Table 4.1 presents the measured strontium 
ratios for each sample organized by group.  The nine groups were formed based 
on geographical location.  Group 1 (n = 5) is comprised of samples from Morocco 
and the Cape Verde Islands (off the coast of Senegal, Africa).  Group 2 (n = 7) 
are samples from Caribbean islands (Dominican Republic, Haiti, and Jamaica).  
Group 3 (n = 6) has samples from Central America (Honduras, Guatemala, and 
El Salvador).  Samples from New England make up group 4 (n = 37), with 
samples primarily coming from in and near Boston, MA.  Group 5 (n = 10) 
comprises the samples from states within the greater Northeast, such as New 
York, Pennsylvania, and Ohio.  Samples from the Midwest (Arkansas, Missouri, 
Kansas, Illinois, and Wisconsin) make up group 6 (n = 5).  Group 7 (n = 3) 
incorporates the remaining samples along the southern East coast of the U.S. 
(North Carolina, Washington D.C., and Florida).  The samples from the 
Northwest region of the U.S. (Washington and Idaho) make up group 8 (n =2).  
Group 9 (n = 3) samples are from Europe (England, Germany, and Albania).  
Table 4.2 presents the measured Sr ratio values of the faunal and water 
samples.  The faunal samples from Pembroke had an average ratio of 0.710583.  
The New Hampshire samples averaged 0.714898.  Teeth samples from the 
research pigs had an average ratio of 0.708957.  The Idaho faunal samples 
averaged 0.706324.  The water samples from Brighton (0.714577) and Braintree 
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(0.710303), MA were both city tap water.  The water from Idaho came from a 
spring water source and two different wells all within a half mile radius (averaged 
0.706039).  The 87Sr/86Sr ratios for the standards (SRM 987) averaged 0.710243 
± 0.000006.  This value establishes that external precision was reproduced using 
the Boston University TIMS facility.  
Table 4.1.  Measured 
87
Sr/
86
Sr ratios of human samples by regional group. 
Sample 
# 
Regional 
Group 
State/Country 
Born 
ppm of Sr 87Sr/86Sr Ratio 
AL-06 1 Morocco 44.028 ± 0.001 0.709312 ± 0.000005 
AL-29 1 Morocco 176.315 ± 0.003 0.710041 ± 0.000005 
AL-33 1 Cape Verde 144.446 ± 0.002 0.706909 ± 0.000005 
AL-34 1 Cape Verde 256.923 ± 0.004 0.707068 ± 0.000004 
AL-37 1 Cape Verde 222.802 ± 0.005 0.709725 ± 0.000006 
AL-10 2 Jamaica 78.14 ± 0.001 0.708380 ± 0.000006 
AL-16 2 Haiti 276.030 ± 0.006 0.708364 ± 0.000006 
AL-20 2 Dominican 
Republic 
121.423 ± 0.002 0.708856 ± 0.000005 
AL-25 2 Haiti 240.704 ± 0.005 0.708333 ± 0.000006 
AL-27 2 Haiti 853.059 ± 0.024 0.708474 ± 0.000005 
AL-30 2 Haiti 187.460 ± 0.004 0.708509 ± 0.000005 
AL-39 2 Haiti 100.044 ± 0.002 0.708274 ± 0.000006 
AL-03 3 El Salvador 66.942 ± 0.001 0.709323 ± 0.000004 
AL-09 3 El Salvador 92.982 ± 0.002 0.705736 ± 0.000006 
AL-22 3 Honduras 383.971 ± 0.009 0.708069 ± 0.000006 
38 
Sample 
# 
Regional 
Group 
State/Country 
Born 
ppm of Sr 87Sr/86Sr Ratio 
AL-26 3 Guatemala 82.667 ± 0.001 0.706148 ± 0.000005 
AL-31 3 Honduras 76.607 ± 0.001 0.709148 ± 0.000005 
AL-36 3 Guatemala 66.889 ± 0.001 0.705970 ± 0.000005 
A-C02 4 Massachusetts 102.091 ± 0.001 0.709837 ± 0.000004 
A-C03 4 Massachusetts 127.343 ± 0.002 0.710136 ± 0.000004 
A-C04 4 Massachusetts 121.161 ± 0.002 0.711852 ± 0.000006 
A-C05 4 Massachusetts 94.581 ± 0.001 0.711180 ± 0.000004 
A-C06 4 Massachusetts 161.641 ± 0.002 0.709944 ± 0.000004 
A-C07 4 Massachusetts 98.108 ± 0.001 0.710199 ± 0.000004 
A-C08 4 Massachusetts 93.4 ± 0.001 0.711836 ± 0.000004 
A-C10 4 Massachusetts 75.052 ± 0.001 0.710788 ± 0.000004 
A-C11 4 Massachusetts 69.791 ± 0.001 0.710599 ± 0.000005 
A-C12 4 Rhode Island 130.04 ± 0.001 0.710360 ± 0.000004 
A-C13 4 Maine 56.086 ± 0.000 0.709986 ± 0.000004 
A-C16 4 Massachusetts 97.702 ±0.001 0.710478 ± 0.000004 
A-C19 4 Massachusetts 62.864 ± 0.000 0.710669 ± 0.000003 
A-C20 4 Massachusetts 72.324 ± 0.001 0.710063 ± 0.000006 
A-C21 4 Massachusetts 65.712 ± 0.001 0.709925 ± 0.000004 
A-C22 4 Massachusetts 99.202 ± 0.002 0.710497 ± 0.000007 
A-C26 4 Massachusetts 197.766 ± 0.003 0.711876 ± 0.000005 
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Sample 
# 
Regional 
Group 
State/Country 
Born 
ppm of Sr 87Sr/86Sr Ratio 
A-C28 4 Unknown 82.656 ± 0.001 0.711422 ± 0.000007 
A-C29 4 Massachusetts 79.859 ± 0.001 0.710316 ± 0.000007 
A-C31 4 Massachusetts 91.707 ± 0.001 0.711023 ± 0.000006 
A-C32 4 Massachusetts 79.904 ± 0.001 0.711155 ± 0.000004 
A-C33 4 Massachusetts 27.073 ± 0.000 0.707612 ± 0.000005 
AL-01 4 Massachusetts 50.084 ± 0.001 0.709384 ± 0.000005 
AL-05 4 Massachusetts 67.909 ± 0.001 0.710921 ± 0.000005 
AL-07 4 Massachusetts 37.811 ± 0.001 0.709581 ± 0.000006 
AL-08 4 Massachusetts 50.501 ± 0.001 0.709395 ± 0.000007 
AL-12 4 Massachusetts 109.149 ± 0.002 0.705999 ± 0.000006 
AL-13 4 Massachusetts 44.700 ± 0.001 0.710533 ± 0.000005 
AL-14 4 Massachusetts 92.602 ± 0.001 0.709857 ± 0.000004 
AL-17 4 Massachusetts 42.646 ± 0.001 0.710926 ± 0.000006 
AL-19 4 Massachusetts 86.686 ± 0.001 0.709606 ± 0.000006 
AL-21 4 Massachusetts 134.139 ± 0.002 0.708557 ± 0.000006 
AL-23 4 Massachusetts 73.208 ± 0.001 0.709850 ± 0.000006 
AL-24 4 Massachusetts 68.469 ± 0.001 0.709489 ± 0.000005 
AL-28 4 Massachusetts 52.635 ± 0.001 0.710923 ± 0.000004 
AL-32 4 Massachusetts 41.877 ± 0.001 0.710058 ± 0.000005 
AL-35 4 Massachusetts 71.144 ± 0.001 0.709664 ± 0.000005 
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Sample 
# 
Regional 
Group 
State/Country 
Born 
ppm of Sr 87Sr/86Sr Ratio 
A-C01 5 New York 91.93 ± 0.001 0.709733 ± 0.000004 
A-C09 5 Pennsylvania 56.232 ± 0.001 0.710218 ± 0.000004 
A-C15 5 New York 83.895 ± 0.001 0.711363 ± 0.000004 
A-C17 5 Ohio 217.636 ± 0.003 0.709850 ± 0.000004 
A-C23 5 Pennsylvania 55.499 ± 0.001 0.710870 ± 0.000005 
A-C34 5 New York 82.374 ± 0.001 0.710263 ± 0.000006 
AL-02 5 New York 65.484 ± 0.001 0.709477 ± 0.000005 
AL-18 5 New York 70.516 ± 0.001 0.709652 ± 0.000005 
AL-41 5 New York 80.453 ± 0.001 0.709341 ± 0.000006 
AL-42 5 New York 18.322 ± 0.000 0.709219 ± 0.000005 
A-C14 6 Illinois 191.121 ± 0.000 0.710235 ± 0.000000 
A-C25 6 Kansas 796.815 ± 0.017 0.709788 ± 0.000004 
A-C30 6 Arkansas 52.308 ± 0.001 0.710030 ± 0.000006 
A-C35 6 Missouri 137.695 ± 0.002 0.709438 ± 0.000005 
AL-40 6 Wisconsin 2780.981 ± 0.074 0.710359 ± 0.000004 
A-C24 7 DC 93.243 ± 0.001 0.710048 ± 0.000005 
AL-15 7 North Carolina 107.712 ± 0.002 0.709666 ± 0.000005 
AL-38 7 Florida 139.207 ± 0.002 0.708584 ± 0.000005 
A-C18 8 Washington 105.109 ± 0.002 0.706405 ± 0.000006 
AL-43 8 Idaho 59.019 ± 0.001 0.708088 ± 0.000005 
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Sample 
# 
Regional 
Group 
State/Country 
Born 
ppm of Sr 87Sr/86Sr Ratio 
A-C27 9 England 84.467 ± 0.001 0.709576 ± 0.000006 
AL-04 9 Albania 81.189 ± 0.001 0.708814 ± 0.000006 
AL-11 9 Germany 53.034 ± 0.001 0.708763 ± 0.000006 
 
Table 4.2.  Faunal and water samples. 
Sample Location Sample 
Type 
ppm Sr 87Sr/86Sr ratio 
AL-WE Braintree, MA Tap Water 0.075 ± 0.000 0.710303 ± 0.000007 
AL-WA Brighton, MA Tap Water 0.031 ± 0.000 0.714577 ± 0.000006 
P001 Cottonwood, 
ID 
Tooth 210.731 ± 0.003 0.706290 ± 0.000006 
P002 Cottonwood, 
ID 
Tooth 181.408 ± 0.002 0.706358 ± 0.000004 
AL-WB Cottonwood, 
ID 
Well Water 0.280 ± 0.000 0.705351 ± 0.000006 
AL-WC Cottonwood, 
ID 
Spring 
Water 
0.262 ± 0.000 0.706156 ± 0.000006 
AL-WD Cottonwood, 
ID 
Well Water 0.377 ± 0.000 0.706611 ± 0.000005 
A-F01 New 
Hampshire 
Tooth 204.161 ± 0.002 0.715518 ± 0.000004 
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Sample Location Sample 
Type 
ppm Sr 87Sr/86Sr ratio 
A-F02 New 
Hampshire 
Tooth 205.412 ± 0.002 0.714278 ± 0.000004 
A-F03 Tufts Med. 
Cntr 
Tooth 21.685 ± 0.000 0.708876 ± 0.000007 
A-F04 Tufts Med. 
Cntr 
Tooth 27.213 ± 0.000 0.709038 ± 0.000006 
A-F05 Pembroke, 
MA 
Bone 92.437 ± 0.001 0.710682 ± 0.000006 
A-F06 Pembroke, 
MA 
Bone 531.514 ± 0.011 0.710551 ± 0.000005 
A-F07 Pembroke, 
MA 
Bone 380.245 ± 0.008 0.710515 ± 0.000005 
 
Figure 4.1’s graph shows the average ratio for each group.  Figure 4.2 
shows a scatterplot of the 87Sr /86Sr ratios of the 78 human teeth organized by 
group.  Group 1, 3, and 8 appear to have the most variation in their measured 
strontium.  Groups 2, 6, and 9 have the tightest clusters.   
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Figure 4.1.  Average 
87
Sr/
86
Sr ratios by group. 
 
 
Figure 4.2.  
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Sr/
86
Sr ratios by group.  
Statistical analyses were carried out using the statistical package SPSS 
20.  All ANOVA (analysis of variance) and independent t-tests were performed at 
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the 95% confidence interval.  Outliers, samples outside two standard deviations, 
from group 4 were removed before analysis (AL-12, A-C33).  A one-way ANOVA 
was carried out to determine the effect of region on the 87/86 strontium ratio in 
the human enamel [F(8,75) =12.910, p < 0.05].  Nineteen significant differences 
were found between the groups (see Table 4.3 below).  All of the groups within 
the U.S. except the Northwest group were found to have no significant 
differences (p > 0.05).  No significant differences were found between the West 
Africa, Caribbean, and Europe groups (p > 0.05).  The significant differences 
between West Africa and the U.S. groups (New England, Greater Northeast, and 
Midwest) all had a p value less than 0.01.  West Africa was also found 
significantly different from Central America (p = 0.024).  The significant 
differences found between the Caribbean group and U.S. groups (New England, 
Greater Northeast, and Midwest) all had p values less than 0.004.  There was 
also a significant difference between the Caribbean and Central American 
samples (p = 0.032).  Central America was also significantly different from U.S. 
groups (New England, Greater Northeast, Midwest, and Southeast) and Europe.  
They all had a p value less than 0.009.  The Northwest group was significantly 
different from the other U.S. groups; all had p values less than 0.008.  The 
Northwest samples were also significantly different from Europe (p = 0.026).  
New England also had a significant difference from Europe (p = 0.014).  Based 
on the similarities exhibited by the U.S. samples, these groups were then 
combined.  The group from the Northwest was found to be significantly different 
45 
from the other U.S. samples and Europe, but due to the statistical reliability of 
such a small sample size (n = 2) it was eliminated from the narrowed regional 
comparison.  
The five remaining groups (West Africa, Caribbean Islands, Central 
America, North America, and Europe) were then re-analyzed for variance based 
on region (Figure 4.3).  A one-way ANOVA was carried out [F4,73 =20.743, p< 
0.05].  Seven significant differences were observed.  The West Africa group 
differed significantly from Central America (p=0.025) and North America 
(p=0.0004).  The Caribbean Islands group also differed significantly from Central 
America (p=0.033) and North America (p=0.00001).  Central America was 
significantly different from North America (p=1.0 x 10-9) and Europe (p=0.009).  
North America also differed from Europe (p=0.029).  
 
Figure 4.3.  
87
Sr/
86
Sr ratios of combined geographical regions. 
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In addition to the effects of region on the 87Sr/86Sr ratio, each group was 
further analyzed to examine how movement before the age of 12 and type of 
water consumed during tooth development might influence the ratio.  Within the 
West Africa group, two individuals reported drinking tap water and three bottled.  
A one-way ANOVA was performed to compare their effects [F1,4 =94.042, 
p<0.05].  The two groups were found to be significantly different (p=0.002).  
Within the Caribbean Islands group there was no significant difference found 
between the tap and well water samples (t = -1.006, df = 5, p>0.05).  Within the 
Central America group no significant difference was observed between the tap 
and bottled water (t = -0.117, df =3, p>0.05).  The subset of samples from the 
living individuals in the New England group was the only group that had more 
than two people report moving before the age of 12 (n = 14), thus movement was 
only analyzed within the New England group.  There was no significant difference 
found [F1,13 =1.947, p>0.05]. 
The New England group was also compared to the measured local faunal 
and water samples from this region.  A one-way ANOVA was carried out 
between the human teeth and faunal samples [F3,41 =26.790, p<0.05].  The 
human samples were significantly differently from the New Hampshire faunal 
teeth (p=0.000) and the research pigs from Boston (p=0.012).  No significant 
difference was noted for the Pembroke bone samples.  The Pembroke samples 
were significantly different from the New Hampshire and research pigs (p < 0.05).  
The New Hampshire fauna and research pigs were significantly different as well 
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(p=0.000).  The tap water from Brighton, MA was significantly different from the 
human samples (t = -5.408, df =34, p<0.05).  No significant difference was noted 
between the water from Braintree and New England human samples.  The 
Northwest region samples were compared to the faunal and water samples 
collected from that region as well.  A one-way ANOVA was carried out [F2,6 
=1.617, p>0.05].  No significant differences were found between the human 
samples and water or faunal samples.  The cow teeth were not significantly 
different from the water samples either.  
Table 4.3.  Significant differences between 9 groups. 
Differences between Regional Groups p < 0.05 
West Africa vs. Central America 0.024 
West Africa vs. New England 0.00007 
West Africa vs. Greater Northeast 0.005 
West Africa vs. Midwest 0.016 
Caribbean Islands vs. Central America 0.032 
Caribbean Islands vs. New England 0.000001 
Caribbean Islands vs. Greater Northeast 0.001 
Caribbean Islands vs. Midwest 0.004 
Central America vs. New England 7.0 x 10-11 
Central America vs. Greater Northeast 2.1 x 10-7 
Central America vs. Midwest 0.000006 
Central America vs. Southeast 0.002 
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Differences between Regional Groups p < 0.05 
Central America vs. Europe 0.009 
New England vs. Northwest 0.000006 
New England vs. Europe 0.014 
Greater Northeast vs. Northwest 0.0001 
Midwest vs. Northwest 0.0004 
Southeast vs. Northwest 0.008 
Northwest vs. Europe 0.026 
 
 Using Voerkelius et al. (2010)’s predictive strontium map of Europe, 
sample AL-04, from Albania was compared to the predictive range based on their 
research.  The expected range for that area is 0.70701-0.70900.  AL-04’s 
87Sr/86Sr ratio measured 0.708814.  Thus, it fell within the high part of the range.  
The samples from London, England and Hanover, Germany were also compared 
to the predictive ranges based on Voerkelius et al. (2010)’s map.  London’s 
expected range is 0.70701-0.70900 and sample A-C27 at 0.709576 is just 
outside of the range.  The sample AL-11 was born in Hanover, Germany which 
based on the predictive strontium map falls within two different ranges, making a 
combined range of 0.70701-0.71100.  Sample AL-11 measured 0.708763, which 
falls within the combined strontium range of Germany.   
 The accepted 87Sr/86Sr ratio value of average seawater is 0.70924 (Hoefs 
2004).  Because the majority of the samples analyzed were born near the sea, 
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this value was compared to each regional group.  Only the Caribbean Islands 
group showed a significance difference from seawater (t = -3.783, df =6, 
p=0.009).   
 The 87Sr/86Sr ratios were further analyzed against the age, sex, ppm (parts 
per million), and tooth type variables.  Based on what is known about the process 
of strontium incorporating into developing teeth (Bentley 2006; Hillson 1996), the 
variables such as age and sex were not expected to have any significant effect.  
Tooth type would possibly be affected if changes in geographical location and 
diet are not considered simultaneously.  A Pearson correlation was calculated for 
the 87Sr/86Sr ratios against age.  The correlation was 0.532 and was significant 
(p<0.01).  Figure 4.4 shows this relationship graphically with an r2 value of 0.251, 
a weak relationship.  No significant difference in ratios between male and female 
groups was found (p>0.05).  No correlation was found between ppm of Sr found 
in each sample and the 87Sr/86Sr ratio.  A one-way ANOVA was carried out to 
compare tooth type and measured Sr ratio [F3,71 = 4.535, p<0.05].  A significant 
difference in 87/86 ratios was found between the incisors and molars (p=0.002) 
and canine and molars (p=0.012) when all 71 samples were run together.  
Because of differences found regionally, a separate one way ANOVA was carried 
out for the New England region.  This was the only individual region with more 
than two of each type of tooth.  No significant difference was found.  
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Figure 4.4.  Relationship between 
87
Sr/
86
Sr ratios and age. 
 The ppm of strontium was also compared to age, sex, and tooth type in 
order to help explain the variation seen across the samples.  The ppm ranged 
from 18.3 (a deciduous tooth) to 2780.9 (mean = 154.9; SD = 328.3).  No 
significant difference was noted for sex or tooth type.  There was also no 
correlation found between age and ppm of Sr (r2 =0.0004). 
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CHAPTER 5:  DISCUSSION 
The nine regional groups were formed based on world geographical 
regions.  The samples from the U.S. were initially broken into separate intra-
regional geographical groups.  They were only combined into one group once it 
was determined there was no significant difference between the intra-regional 
groups.  This method of grouping was based on the idea that people living within 
the same geographical region are more likely to consume food and water from 
similar sources.  Because of the globalization of food and water through trade, 
the source of peoples’ diet becomes a common factor in determining a local 
isotopic range in addition to local geology (Bowen et al. 2007; Ehleringer et al. 
2008; Voerkelius et al. 2010).   
Regional Differences 
Significant regional differences were observed between the five groups, 
producing three isotopic ranges. The combined range for the West Africa, 
Caribbean, and European groups was 0.706909-0.710041.  North America’s 
range was 0.708557-0.711876, and Central America’s was 0.705736-0.709323.  
The isotopic ranges found for the three significantly different regions in this study 
are the results of a combination of geological influences on the food and water 
consumed locally, in addition to products imported from other regions with 
different geology.   
Voerkelius et al. (2010) correlated their natural mineral water strontium 
isotopic ranges to the surface geology where the samples were collected.  The 
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volcanic rock (including Paleozoic, Mesozoic, and Cenozoic) was associated with 
lower strontium ratios, 0.702-0.707.  The Cenozoic sediments were correlated 
with strontium ratios of 0.709-0.711, Mesozoic sediments with 0.707-0.709.  The 
middle to late Paleozoic sediments and Mesozoic metamorphic rock were 
associated with strontium ratios ranging from 0.711-0.713, and early Paleozoic 
sediments with a range of 0.713-0.720 (Voerkelius et al. 2010).  When comparing 
these general ranges to the strontium ranges found in this study, based on the 
correlation to the geology of each geographical region, the significant differences 
observed appear to reflect common local geology.   
The primary geologic formations in the Central American countries 
represented by samples included volcanic rock and Cenozoic sediments.  Based 
on the predictive ranges produced by Voerkelius et al. (2010), one would expect 
lower strontium ratios.  The strontium range found for this region was the lowest 
of the three (0.705-0.709), which correlates with the predictive ranges for 
volcanic rock and Cenozoic sediments.  Throughout New England, the greater 
northeast, and into the Midwest there is older rock, from the Paleozoic era and 
Proterozoic eon.  The expected strontium ratios based on the predictive map 
would be higher (0.711-0.713).  The human strontium ratios from this region 
ranged from 0.7085-0.7118.  The local water from Brighton, MA and the faunal 
samples from New Hampshire both averaged 0.714, which appears to reflect the 
influences of the older Proterozoic rock; while the Braintree tap water and 
Pembroke fauna model the younger rock sediments of the Paleozoic (0.710).  
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Other factors related to food globalization may explain the larger spread in the 
strontium range seen within this group. 
Statistically, the groups from the Caribbean, West Africa, and Europe were 
the same (all had p value greater than 0.3).  This similarity is further reflected in 
their geological formations.  The Caribbean islands represented have primarily 
Mesozoic and early Cenozoic sediments with metamorphic and volcanic rock.  
The influence of the Mesozoic and metamorphic rock would likely produce higher 
strontium ratios than the volcanic rock in Central America.  The mean average of 
0.708456 for this group falls within the range for Mesozoic sediments.  The West 
Africa group has a larger variation in geology.  The Cape Verde islands are 
volcanic (potentially lower strontium ratio) while Morocco’s geology contains 
Mesozoic and early Cenozoic sediments (middle to higher range of ratios 
expected).  The mean average for this group was similar to the Caribbean group 
(0.708611).  The samples from Europe are in areas that are mostly Mesozoic 
sediments which correspond to the mean average ratio found, 0.709051.  There 
are potentially other variables, such as trade, having a larger influence on how 
the strontium ratios from these countries are statistically the similar. 
Globalization of Food 
The local geology is a major contributor to the bio-available strontium, but 
the food people consume is not always raised locally.  The global trading of food 
introduces another source of strontium that contributes to the ratio found in 
human living tissues.  The World Bank reported that Guatemala, Honduras, and 
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El Salvador have higher percentages of food being exported than imported.  The 
main trading partners with these countries are other neighboring countries in 
Central America, South America, and the U.S. (World Bank 2013).  There has 
been a rise in the number of supermarket chains throughout these countries, in 
addition to the amount of processed and pre-packaged food being demanded.  In 
Guatemala in particular, the supermarket chains only have about 40% of the 
market, the rest is still dominated by open-air and corner markets featuring local 
products (Central America Market Profile 2011).   
The Caribbean islands of Jamaica, Haiti, and the Dominican Republic, 
according to the World Bank data, import and export relatively the same 
percentage of food merchandise, but the limited amount of arable land will insure 
that food imports remain relatively steady (World Bank 2013).  Major trade 
partners include the U.S., Europe, Central America, and South America.  Some 
of the top food imports from the U.S. include meat, dairy, processed fruits and 
vegetables, and cereals.  The implementation of the U.S. Central America-
Dominican Republic (CAFTA-DR) Free Trade Agreement with these countries 
has only increased trade between these countries and opened up the available 
food that can be traded (Caribbean Market Profile 2011). 
Cape Verde has limited arable land for agriculture and thus imports about 
80% of its food from Europe, particularly Spain and Portugal.  The food grown 
locally includes corn, sugarcane, beans, potatoes, and peanuts.  Domestic 
fishing includes lobster and tuna (Bannerman et al. 2013; World Bank 2013).  
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Morocco’s primary import partners are France, Spain, Italy, China, Germany, 
Saudi Arabia, and Moldova.  Wheat is main food type being imported steadily; as 
their agricultural economy meets their domestic needs in addition to providing 
their major export of raw agricultural products.  There is a continuing movement 
towards convenience style foods, particularly in larger urban areas, but most of 
the country still consumes traditional style local foods (Economy Watch 2010; 
World Bank 2013). 
As developed countries, both the United Kingdom (UK) and Germany 
have established trade agreements with the European Union (EU) in addition to 
several non-EU countries.  The UK currently imports more food than they export 
due to changes in demand for agricultural products (World Bank 2013).  They 
have increasingly become a large market for packaged food such as noodles, 
soups, ready to eat meals, and sweets (United Kingdom Country Profile 2011).  
Germany is one of the largest markets within the EU for importing agricultural 
products.  This is based on their population of approximately 80 million.  Food 
imports are coming primarily from other EU countries such as France, Italy, and 
the Netherlands (World Bank 2013).  Based on their main trading partners, most 
of their food and water can be sourced to the European Union.  Albania’s 
economy is not on the scale of the UK and Germany but they have trade 
agreements with the European Union for agricultural products (both imports and 
exports) in addition to regularly trading with western Balkan countries.  These 
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trading partners also allow for a narrowed area of where their sources of food 
and water might come from when predicting bio-available strontium.   
The U.S. is a major player in global trade, and is one of the top agricultural 
exporters.  The U.S. regularly imports agricultural products from Canada, the EU, 
Mexico, Central America, South America, Australia, Southeast Asia and China.  
Typical imports include live cattle, processed beef, pork, dairy, grains, fruits, 
vegetables, sugar, coffee, wine, and cocoa (USDA 2012).  The varieties of goods 
imported are distributed across the whole country via supermarkets which 
provides a potentially homogenous diet for the average person living in the U.S 
(Bowen et al. 2007).  
Effects of Movement and Water 
The effects of moving to other geographical locations and the type of 
water people consume during the time of tooth development can potentially affect 
the actual strontium ratios found in human dental and bone tissue.  Only half of 
this study’s dataset was able to provide information about movement during 
childhood and water consumption (n = 43).  Of these samples only twelve moved 
during childhood.  Most of the samples that stated movement came from the New 
England group, but the ANOVA analysis revealed no significant difference.  This 
could be attributed to the fact that all of the movement exhibited by samples in 
this group, except one (AL-21), only moved within the regional group, not to a 
different region.  Because the isotope ratio can potentially vary within a given 
range, a larger sampling is needed to further analyze effects of movement.  
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The type of water people consumed while growing up was analyzed for 
differences in the West Africa, Caribbean, and Central American groups.  The 
only group that showed a significant difference was the West Africa group.  The 
tap and bottled water reported had a significant effect on the measured strontium 
ratios.  The sample size of both water types was small (2 vs. 3) which makes the 
test results preliminary, but some of these differences might be explained by diet 
and the source of the water.  Two of the three individuals who reported drinking 
tap water were from Cape Verde.  The distribution of bottled water would allow 
for people in different countries to be drinking water from the same source.  
Thus, if the source of the water (both the tap and the bottled water) is different 
there is a likely chance the strontium ratio will reflect those differences.  The 
Caribbean Island group showed no difference in their well and tap water.  If a 
difference existed between the well and tap water then the well would have to be 
getting its water from a deeper source with less influence of surface contaminant 
influence.  Within group 3 the samples that drank bottled water (AL-09, 26, 36) 
from El Salvador and Guatemala were much closer in range than either the well 
water sample (AL-03) and samples from Honduras (AL-22 and 31), but no 
significant difference was found between the tap and bottled water.  Again, 
sample size is a potential issue, but the bottled water could have been sourced 
from within the region itself, thus explaining similar ratios to the tap water.  There 
was not enough variation in reported water consumption within groups 4 and 5 to 
run an analysis.  In addition, there were six individuals who reported drinking a 
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mixture of tap and bottled water which could provide a mixed strontium ratio if the 
bottled water’s source was from a different region.  The preliminary analysis 
regarding water consumption suggests that the source of one’s water affects the 
strontium ratio in dental tissues. 
The local tap water samples analyzed in this study from New England 
showed a significant difference between two different water sources.  Both the 
Brighton and Braintree water samples were city tap water, but their sources 
came from two different reservoirs that are also replenished from different rivers.  
Brighton tap water comes from the Quabbin Reservoir, about 65 miles west of 
Boston, and the Wachusett Reservoir, about 35 miles west of Boston.  These 
reservoirs fill naturally from rain and snow from surrounding watersheds.  In the 
case that water demands exceed the combined reservoirs then water is drawn 
from Ware River.  The Chestnut Hill Reservoir near Brighton is the back-up 
storage water supply for Boston (MWRA 2012).  The New England human 
strontium samples (average = 0.710368) were significantly different from the 
Brighton tap water (0.714577).  Even with the variation seen in the geology of 
Massachusetts (Proterozoic through late Paleozoic), this appears to be a large 
difference.  The Braintree tap water (0.710303) was not significantly different 
from the human samples from New England.  The tap water from Braintree is 
sourced from the Great Pond Reservoir system, which also draws water from 
Farm River.  This water is surface water that enters the reservoir directly from the 
river (Braintree Water and Sewer 2012).  The deer bones from Pembroke, MA 
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were not significantly different from both the New England human samples and 
the Braintree tap water.  Based on how those three strontium ratios are 
significantly similar, the 87Sr/86Sr ratio of the Brighton tap water suggests a 
possible outside contamination or that the water piping system to the tap 
introduced strontium into the water.  Re-testing this sample and collecting a wider 
sampling within the greater Boston area would confirm or negate the current 
difference observed.  If the Brighton tap water is treated as an outlier, then the 
similar ratios between the Pembroke deer bones and the human samples 
suggests that the local bio-accessible strontium is being reflected in the human 
samples.  When the Brighton tap water is considered in the equation it raises 
more questions about the role of outside food and water sources, especially 
since the source of the Brighton water services most of the greater Boston area, 
where the majority of the New England samples have birthplaces.  The deer 
bones from Pembroke and the moose and deer teeth from New Hampshire were 
significantly different which suggests that the bio-available strontium is variable 
across the approximate distance of 150 miles.  The available food sources for 
wildlife in the mountains will likely contribute different ratios of strontium than 
food found near agricultural farms, in addition to how available water sources will 
affect the ratios of the local fauna. 
Local water and fauna samples were collected from the Northwest region 
(Idaho).  Despite the small samples sizes, the human, fauna, and water samples 
had similar strontium ratios.  The cow teeth were expected to closely resemble 
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the water samples since the cows were raised drinking water from the same 
source and eating only locally grown food from the same area.  One of the 
human samples came from an individual who was also raised in the same area 
of Idaho, while the other was from Washington.  Geologically, Idaho and 
Washington are similar with regards to the presence of Cenozoic volcanic rock 
and Mesozoic plutonic rock (Kirkham et al. 1995). 
Due to the close proximity of the sea to a majority of the samples, 
seawater was compared to each region.  Strontium averages 8 ppm in seawater 
and has been shown to influence the strontium ratio found in seafood.  Cultures 
that live near the sea typically have a diet that includes fish and seafood.  
Seawater’s accepted average ratio is 0.70924 (Hoefs 2004), which falls in the 
middle of the range of ratios for this dataset.  Only the Caribbean Islands group 
showed a significant difference from seawater.  Seafood is a common part of the 
diet found on the islands, yet the strontium ratios suggest that seafood is not the 
main source of strontium in their diet.  The samples in this group also had the 
lowest standard deviation (0.000194) which may have played a role in 
distinguishing a significant difference only from this group. 
Age, Sex, Tooth type, and Sr ppm 
A strong relationship between strontium ratios and age did not exist and 
no significant difference was found between males and females.  Since the 
development of enamel is not a sexually dimorphic trait, sex was not expected to 
have any influence.  Because the enamel’s strontium ratio does not change after 
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crown completion, the age at the time of extraction was not expected to have a 
significant effect.  The Pearson correlation between ratio and age was significant, 
but the relationship was not strong, thus age was eliminated as a potential factor.  
The ppm of strontium was calculated for each sample but there was no 
correlation found between the ppm and ratio.  Since the type of tooth used was 
not consistent across all samples the type was tested against the strontium 
ratios.  When all of the data was combined there was a significant difference 
found between the incisors and molars, and canines and molars.  This difference 
could be explained by the development time of the crown.  The permanent 
molars are finished developing their crown before the incisors and canines.  
Thus, the samples that were represented by incisors and canines would have a 
longer period of time to incorporate strontium in the enamel.  The older the 
individual, the chances for a more varied diet, thus increasing the possibility of a 
difference between ratios found in a molar versus an incisor.  Because there 
were differences found regionally though, the tooth type was also tested against 
just the strontium ratios within each regional group.  There was no significant 
difference between the incisors and molars when considered within regions, 
which suggests that tooth type does not have as much of an effect on the ratio as 
regional differences.  There was a large variation in the ppm of strontium found 
across the dataset (18-2780).  Yet, on average the majority of the samples 
(85.9%) contained somewhere between 50-300 ppm.  According to Bentley 
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(2006), there is an average of 50-500+ ppm found in mammal tooth enamel, thus 
the ppm of strontium found in the human enamel was relatively normal.    
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CHAPTER 6:  CONCLUSION 
The results of this study suggest there is a detectable difference in the 
87Sr/86Sr ratio in human tissues based on geolocation, even within modern 
populations derived from diverse geographic regions.  The differences appear to 
suggest that the bio-available strontium is reflecting the underlying local geology, 
in addition to potential influences from global food trade.  The three distinct 
strontium ranges found correlated with the differing surface geology found for 
each region.  This correlation was further compared to Voerkelius et al. (2010)’s 
predictive ranges based on bio-available strontium in natural mineral waters and 
the corresponding geology with its source.  The similarities found between the 
Caribbean islands, West Africa, and Europe reflected comparable geologic 
formations in addition to trade between them and shared agricultural products 
being both imported or exported.  The geology across the U.S. regions of New 
England, the greater Northeast, and the Midwest is primarily older rock from the 
early Paleozoic and even older across the Appalachian mountains in New 
Hampshire, Vermont, and New York.  The Southeast region along the Atlantic 
coast is composed of younger rock than New England, which may explain why 
this group was not significantly different from the Caribbean islands, West Africa, 
or Europe, although the sample size was small (n = 3). The significant difference 
found between the Northwest group and the other U.S. groups is likely due to the 
different surface geology.  The abundance of volcanic rock and late Cenozoic 
sediments makes this region more comparable to the countries in Central 
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America.  Having a larger sample from the western half of the U.S and from the 
southern portion would provide a better statistical basis for the placement of 
these groups in the final combined geographical regions analysis.    
Even though differences were measurable between some of the regions, 
the ranges represented by this dataset are still large and thus it would be difficult 
to pinpoint a single region when only looking at a single sample.  The addition of 
complementary isotopes such as hydrogen (δ2H) and oxygen (δ18O) to the 
analysis of strontium isotopes would benefit geolocation of humans based on the 
strontium in their bones and teeth.  Current research analyzing food and water 
sources and authenticity have proved the validity of using hydrogen (δ2H) and 
oxygen (δ18O) isotopes in tracing origin and even in forensic settings (Bowen et 
al. 2007; Vitòria et al. 2004).  Ehleringer et al. (2008)’s study used scalp hair to 
understand how hydrogen and oxygen isotopic composition in scalp hair can be 
used as a function of local drinking water, a person’s bulk diet, and dietary 
protein isotope ratios.  This study made model predictions of the U.S. based on 
the scalp hairs and tap water samples they collected across the U.S.  Their 
research can potentially trace an individual’s movements (if movement involves 
contrasting tap water isotope ratios) which would be forensically relevant for 
cases of unidentified individuals.  Because scalp hair will not always be present 
when remains are partially to fully skeletonized, the use of other human tissues 
such as bone and teeth become more imperative.  Strontium in bone has been 
proven in the archaeology literature to provide a more recent 87Sr/86Sr ratio than 
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teeth, thus when retracing someone’s last geographical movements it would be 
more efficient to use bone instead of teeth.  Using the strontium information from 
bone samples in addition to the hydrogen and oxygen isotopic composition could 
provide a clearer picture with regards to the effects of where the unidentified 
individual had been residing. 
The regional differences found between the samples from the U.S. and 
other countries should be further studied using a larger sample size to determine 
if the regional variation expressed through strontium ratios was misleading.  If the 
preliminary results from this study prove accurate using a larger sample, then 
strontium isotope analysis could be a useful tool for forensic anthropologists, 
especially in terms of identifying immigrants.  It would not necessarily be as 
practical to use on a regular basis for forensic investigations due to the 
preparation time and costs of using thermal ionization mass spectrometry, but 
some institutions have the grants or budgets.  However, if over time global food 
consumption becomes more homogenous this method would lose its 
effectiveness.  Thus, strontium isotope analysis warrants further research 
alongside hydrogen and oxygen isotopes to better understand the role modern 
food and water play in providing the strontium to living tissues. 
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